In order to investigate seasonal variations of the composition of Titan's low stratosphere, we developed a two-dimensional (latitudealtitude) photochemical and transport model. Large-scale advection, hidden in the vertical eddy diffusion for one-dimensional models, is accounted for explicitly. Atmospheric dynamics is prescribed using results of independent numerical simulations of the atmospheric general circulation. Both the mean meridional transport and latitudinal mixing by transient planetary waves are taken into account. Chemistry is based on 284 reactions involving 40 hydrocarbons and nitriles. Photodissociation rates are based on a three-dimensional description of the ultraviolet flux. For most species, the model fits well the latitudinal variations observed by Voyager I giving for the first time a full and self-consistent interpretation of these observations. In particular, the enrichment of the high northern latitudes is attributed to subsidence during the winter preceeding the Voyager encounter. Discrepancies are observed for C 2 H 4 , HC 3 N, and C 2 N 2 and are attributed to problems in the chemical scheme. Sensitivity to dynamical parameters is investigated. The vertical eddy diffusion coefficient keeps an important role for the upper atmosphere. The wind strength and horizontal eddy diffusion strongly control the latitudinal behavior of the composition in the low stratosphere, while mean concentrations appear to be essentially controlled by chemistry.
INTRODUCTION
To understand the complex photochemistry in the atmosphere of Titan, several photochemical models have been developed, computing the composition as a function of altitude, under equatorial or disk-averaged conditions; see Strobel (1982) , Yung et al. (1984) , Yung (1987) , Toublanc et al. (1995) , and Lara et al. (1996) . In these one-dimensional models, dynamical processes are parameterized as a vertical eddy diffusion. The mixing coefficient is fitted as a function of altitude in order to reproduce the observations, and especially the HCN vertical profile retrieved from ground-based millimeter and submillimeter observations (Tanguy et al. 1990 and Hidayat et al. 1997) . One-dimensional models concentrated on the interpretation of planetary averaged or equatorial observations. The latitudinal contrasts in the composition of the low stratosphere observed by Voyager I at spring equinox have not been extensively investigated. In particular, the enrichment in the high northern latitudes in most species is not yet understood. In a previous study (Lebonnois and Toublanc 1999) , we developed a three-dimensional description of the ultraviolet flux to test the latitudinal sensitivity of composition profiles obtained with a one-dimensional photochemical model. This study showed that radiation and chemistry alone could not explain the observations. An important missing piece in these studies is the largescale atmospheric dynamics. Chemical concentrations generally increase as a function of altitude between the surface and the source region at several hundred kilometers. It is thus expected that downward (upward) winds should increase (decrease) local concentrations.
In this paper, we investigate this effect with a latitude-altitude photochemical and transport model. The photochemistry is heritated from Toublanc et al. (1995) and presented in Section 2.2. Computation of photodissociation rates uses the full 3-D description of the UV flux mentioned above. The main advance in this paper is to introduce the two-dimensional transport of chemical species. Mean meridional transport is computed with a finite volume transport scheme (Van Leer 1977, Hourdin and Armengaud 1999) using meridional and vertical winds matching the general circulation model (GCM) results (Hourdin et al. 1995) as explained in Section 2.3. The effect of transient eddies is also accounted for based on a horizontal diffusion operator. The main results are presented in Section 3. The latitudinal contrasts compare generally well with Voyager observations, with an enrichment in nitriles and hydrocarbons by a factor of 2 to 10. In the simulation, this enrichment is unambiguously attributed to the effect of subsidence in the northern high latitudes during the winter season which preceeds the Voyager encounter, bringing chemical species down from the source region. Section 4 presents systematic sensitivity studies of the model to eddy diffusion coefficients (vertical and horizontal), strength of the winds, and the phase of the seasonal changes in the circulation.
DESCRIPTION OF THE MODEL
The photochemical model includes 40 chemical compounds involved in 284 reactions (including photodissociations). These compounds are hydrocarbons and nitriles; oxygeneous compounds have not been included yet. All compounds with more than five heavy atoms (C,N) are treated as solid organic material and named "soot." This "soot" is a sink for photochemistry, and may be related to the source of Titan's haze. The latitudealtitude plane is divided into 17 × 130 cells, 10
• wide in latitude and 10 km high (which gives four layers by scale height in the stratosphere). In this model, the troposphere is not well described (only two layers by scale height), but our main focus is on the low stratospheric composition as a function of time and latitude.
Temperature is prescribed as a function of altitude following Lellouch et al. (1989) below 250 km and Yelle (1991) above. This profile is kept fixed in latitude and time. Hourdin et al. (1995) explored with a GCM the structure of the lower part of the atmosphere (up to the stratopause, ∼250 km) and the temperature latitudinal variations have also been retrieved from VoyagerI/IRIS spectra for 0.4-mbar and 1-mbar levels (Flasar and Conrath 1990, Coustenis and . In both cases, the variations have a maximum amplitude of ∼15 K. These variations have only a small effect on the chemical reaction rates and have therefore been neglected. It must also be kept in mind 
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a Computed with the ionospheric model described in Galand et al. (1999) .
that there are important uncertainties in that many of the reaction rates have not been measured at the relevant temperatures for Titan's atmosphere. These uncertainties can have strong implications on the composition, as shown by recent studies on Neptune (Dobrijevic and Parisot 1998) and Titan (Smith 1999 ).
The two seasonal major forcings in the model are the UV field and the meridional wind field in the 0-500 km range. The model also includes molecular diffusion, as well as vertical and horizontal eddy diffusion. The boundary fluxes are treated in the same way as in Toublanc et al. (1995) : Jeans escape for H and H 2 , dissociation of N 2 by magnetospheric electrons for N atoms, and CH 4 input flux at the surface, to balance the net destruction of methane. These fluxes are indicated in Table I . For other species, upper and lower boundaries are zero flux. Concerning the dissociation of N 2 by magnetospheric electrons, the downward flux of N atoms represents a source that is mainly located above 1000 km. The approximation we use (global source at 1300 km instead of a vertical distribution) has no significant influence in the lower atmosphere (below 600 km), on which we focus in this paper. The condensation of compounds around the tropopause is treated in a simple way: Any constituent is bound to remain under its saturation vapor pressure during the resolution of the continuity equation. Lara et al. (1996) used a more sophisticated treatment in their photochemical model, and concluded that no compounds (excluding CH 4 ) seemed to be supersaturated, justifying the use of simple treatments for condensation. Supersaturation is still possible for CH 4 in our model, and we used a supersaturation factor of 1.2 to get a mole fraction of 2% above the tropopause. The continuity equation is solved for each species as described by Toublanc et al. (1995) , with the additional terms resulting from horizontal diffusion and dynamical transport by winds.
UV Field
A three-dimensional Monte-Carlo model has been used to get a complete description of the UV field, and diurnal means were computed as functions of time (15 different solar declinations) and of latitude. This model is described in detail in Lebonnois and Toublanc (1999) . New absorption cross sections for C 4 H 2 have been taken from Smith et al. (1998) . Other cross sections are referenced in Table II . Dominant sources of opacity are indicated in Table III . The haze opacity and scattering properties Samson et al. (1962) , Fahr and Nayak (1996) Connors et al. (1974) , Bénilan (1998, private communication) of aerosols have been calculated with fractal particles (Rannou et al. 1995 , Rannou et al. 1999 . The vertical profile of the haze opacity is presented in Fig. 1 . We do not include possible latitudinal and seasonal variations of this opacity at this stage. Simultaneous computations of the UV radiative transfer and 2-D photochemistry would be too expensive. Instead, we use a sequential approach. Ultraviolet fluxes are first computed with a first guess of the concentration of chemical compounds (resulting from one-dimensional calculations). Those precomputed radiative constants are then used to run the two-dimensional photochemical model on a typical period of several Titan years. The equatorial composition as function of height is then used to make a new computation of the UV field. The photodissociation rates calculated for several species for spring equatorial conditions are displayed in Fig. 2 , and two-dimensional maps (altitude-latitude) of the photodissociation coefficients of acetylene are presented in Fig. 3 for northern winter solstice and spring equinox. These variations are fairly representative of all the other species' photodissociation coefficients. At this stage, latitudinal variations of the chemical composition are not included in the UV computations. This adds an uncertainty on the diurnal means of the UV field, especially for high latitudes, but the dominant seasonal variations of the photodissociation rates are obtained with the three-dimensional calculations. Local variations of the opacity would affect essentially the region of absorption of a given wavelength. Our computations have confirmed that photodissociation rates and composition are not very sensitive to small variations of the gaseous and haze opacity.
Chemistry
The photodissociation scheme used for CH 4 is the second scheme from Mordaunt et al. (1993) :
We have also tested the new scheme proposed by Smith and Raulin (1999) FIG. 2. Photodissociation coefficients of several compounds for spring equatorial conditions. The vertical dotted lines indicate the year timescale (1/TY ∼ 1 × 10 −9 s −1 ) and the day timescale (∼1 × 10 −6 s −1 ). is higher, and yields 3 CH 2 (then CH) (R120, R100, R45) and CH 3 (R101). Though CH 3 is also higher, HCN (its main product at these altitudes (R220, R221 + R234)) keeps the same level for both schemes. CH also keeps the same level. For the molecules, only CH 2 CCH 2 is enhanced in the high atmosphere, because of the enhancement of 1 CH 2 (R105). The same conclusion can be drawn with the first scheme from Mordaunt et al. (1993) :
FIG. 3.
Another study by Wilson and Atreya has given similar results (Wilson and Atreya 1999) . Concerning the dissociation of N 2 , we take the simplifying hypothesis that N( 2 D) atoms are rapidly quenched down to N( 4 S) atoms. This hypothesis does not yield any significant discrepancies with previous models. We also included dissociation of N 2 by cosmic rays with the dissociation profile from Lara et al. (1996) , but this introduction had no significant impact on the atmospheric composition (except on N atoms). The chemistry of the metastable state C 4 H * 2 has been included as recommended by Zwier and Allen (1996) . The chemical reactions presented in Tables IV and V were taken from previous models (Yung et al. 1984 , Toublanc et al. 1995 , Lara et al. 1996 , from the litterature (references are given) and also from a recent study on hydrocarbons photochemistry (Smith 1999 ). For radicals C 2 H, C 4 H, and C 3 N, some reactions have been estimated by analogy to others. Yung et al. (1984) suggested that the insertion of C 2 H radicals on C 4 H 2 molecules is similar to the insertion on C 2 H 2 molecules, and that the C 4 H radicals behave similarly, but are less reactive (factor 1/3 on reaction rates). Zwier and Allen (1996) also suggested that C 3 N radicals are behaving the same way as C 2 H radicals, and that the insertion on HC 3 N molecules is similar to the insertion on C 2n H 2 molecules. We adopted these hypotheses to estimate several reactions. Concerning nitriles, the chemistry included is still to be improved. As in previous models, C 2 N 2 is badly underestimated, and HC 3 N seems overestimated by a factor of approximately 10. The excited state HC 3 N * has not been taken into account, but some preliminary studies show that its reactivity could be high, and that it could react in a similar way as C 4 H * 2 (Ferris et al. 1990; Zwier, private communication) . CH 3 CN was not introduced in this model, despite its detection in Titan's atmosphere (Bézard et al. 1993) . The whole nitriles chemistry does not influence significantly the hydrocarbons composition, and it should be addressed in more detail in further studies, as well as the chemistry of oxygeneous compounds.
Transport
In one-dimensional models, eddy diffusion is used to account for the vertical transport of chemical species. The vertical profile of eddy diffusion coefficient must be tuned to reproduce observations (Hunten 1975) . This one-dimensional representation fails to reproduce the latitudinal behavior of chemical species in the stratosphere of Titan as observed by Voyager I, even with a realistic representation of the seasonal and latitudinal variations of the UV field (Lebonnois and Toublanc 1999) . The new aspect of the present work is to introduce a better modeling of the transport mechanisms in the lower atmosphere of Titan. Therefore, we introduced dynamical transport by meridional and vertical winds and by horizontal eddy diffusion. Vertical molecular and eddy diffusion are still taken into account.
Meridional winds. Rather than directly using the mean meridional winds from the GCM, we used an analytical et al. 1984 reconstruction described in the Appendix. The stream functions at northern winter solstice and equinox for the reconstructed winds are plotted in Fig. 4 . Figure 5 shows the quadratic means of the reconstructed meridional windv (in m s −1 ) and vertical windw (in mm s −1 ). The mean meridional circulation consists of a single pole-to-pole Hadley cell most of the year, with its ascending branch in the summer hemisphere (direct thermal cell). Around equinoxes, the ascending motion moves from one pole to the other, therefore creating two equator-to-pole Hadley cells. The GCM predicts much weaker winds around this reversal (a factor of 3 is used for the synthetic reconstruction). The major parameters for this section are the strength of the winds, and the phase of the reversal with respect to the equinox. For the GCM results, which were obtained with opacity sources uniform in the horizontal plane and over the year, the reversal occurs around equinoxes. In a recent model, Tokano et al. (1999) obtained the same phase with uniformely distributed opacity sources, but they also ran their model under modified cooling rates, in order to take into account the seasonal variations of the radiatively active gases. This modification shifted the reversal by half a season, and also shortened the reversal period. In this paper, both cases are investigated: the ascending edge of the Hadley cells versus the solar longitude is indicated in Fig. 6 . Mixing by transient eddies. Horizontal eddy diffusion must be introduced to simulate transport by horizontal transient eddies which cannot be explicitly accounted for in a two-dimensional latitude-altitude model but that are present in the GCM results, especially near the 1-mbar level. These transient eddies (Hourdin et al. 1995) ; dashed line: the reversal is faster and occurs half a season later (Tokano et al. 1999). transport angular momentum latitudinally, playing a central role in the maintenance of atmospheric superrotation (Hourdin et al. 1995) . They also transport chemical species. In our model, the horizontal mixing by eddies was parameterized as an horizontal diffusion: for a given species i, we added to the continuity equation the term
where φ is the latitude, r the radial coordinate, y i is the species' mole fraction, and n is the density. The diffusion coefficient K h was crudely estimated from the GCM results (Hourdin et al. 1995, Fig. 13 ) as
where |v µ | represents the transient transport of angular momentum, µ is the angular momentum, and R is Titan's radius.
The maximum wave activity is seen in the GCM in the stratosphere. The approximated vertical profile of this coefficient is shown in Fig. 7 . Above 300 km, it is difficult to constrain this parameter, so it is assumed to be constant. No variations with latitude or time have been introduced. We are currently working on a parameterization of this K h coefficient based on studies with a dynamical horizontal (shallowwater) model. These studies will help us to constrain this coefficient as a function of altitude and also as a function of latitude, so that we can better represent transient horizontal eddies in two-dimensional (latitude-altitude) GCMs.
Vertical eddy diffusion. Below 500 km, the vertical eddy diffusion coefficient does not account for the same processes than in one-dimensional models, since advection is now explicit in the model. It is now restricted to representation of turbulent mixing, or dynamical phenomena that are not taken into account in the analytic description of the meridional circulation. This parameter (together with molecular diffusion) is the only description of dynamics above mesopause (∼500 km), and it controls the exchanges between the regions below and above mesopause. As a first guess, the profile of this parameter was taken from Toublanc et al. (1995) , and is shown in Fig. 7 .
Dynamical timescales. For these three transport modes, timescales have been evaluated (Table VI) . For vertical transport, the characteristic length is the scale height H and for horizontal transport we used the equator-pole distance L ∼ 4000 km, leading to
for vertical and horizontal diffusion, respectively, and
for mean meridional transport, wherew andv are the root mean squares of the vertical and meridional components of the wind speed for a given altitude at solstice (Fig. 5) .
Numerical values are given in Table VI . These timescales give an idea of the dominant transport mechanism at different altitudes. Horizontal diffusion seems to be significant only in the low stratosphere. In the lower atmosphere where it has been introduced, the dynamical transport by winds appears to be the important mechanism, especially for vertical mixing with a strong influence on vertical profiles, as shown below.
Numerical aspects. Conservation of chemical elements is good in the model. Both the transport scheme (Hourdin and Armengaud 1999) and the continuity equations solver (Toublanc et al. 1995) have proven their accuracy. No effects of numerical diffusion could be detected: When horizontal or vertical dissipation are cut off, steep gradients appear in the composition profiles. Also, two different horizontal resolutions (17 and 35 latitudes) gave the same results.
RESULTS

High Atmosphere and Seasonal Oscillations
The high atmosphere (z > 600 km) is not well constrained by observations, except for CH 4 and C 2 H 2 (Smith et al. 1982; Strobel et al. 1992; Vervack et al. 1999) and for the column density of HC 3 N above 300 km (Bézard et al. 1992) . In this region, where photolysis is the primary driver for chemistry, the composition undergoes a seasonal cycle, where the amplitude of the variations are related to the latitude (the higher the latitude, the larger the difference between summer and winter UV fluxes). This behavior is similar to the one described by Lebonnois and Toublanc (1999) (where no horizontal diffusion nor winds were included). In this case, these oscillations are located above 500 km. This altitude appears in the two-dimensional simulations as a node, a stable point for most species (Fig. 8) influence of photochemical oscillations, propagated down by diffusion, decreases with altitude. On the other side, the oscillations resulting from dynamical transport are strongest in the stratosphere, and decrease when altitude increases. Since both oscillations are in opposite phase, this yields a stable region around 500 km of altitude, at the upper limit of the dynamical transport. However, this node may be partly model-dependent and this region, around mesopause, is still mostly unknown.
Full Dynamics versus Eddy Mixing Approach
The use of eddy diffusion coefficient is generally considered in one-dimensional model as a way to represent vertical mixing by dynamics. But this ad-hoc coefficient hides a lot of physical processes, leading to a strong limitation in the use of onedimensional models. Lara et al. (1996) performed a comparative study of different profiles of the vertical eddy coefficient for the atmosphere of Titan. In this study, it appears clearly that it is impossible to fit all the observed species with a unique vertical eddy coefficient, which is not a good point for a parameterization of transport. In particular, using the profile derived from the ground-based millimeter and submillimeter HCN observations by Hidayat et al. (1997) yields a mismatch for most of the hydrocarbons. It may be argued that some loss of N to the haze was not included in this study, which could affect HCN retrieval (McKay 1996; Lara et al. 1999) . These possible problems in the chemical scheme make it difficult to determine the vertical eddy diffusion coefficient, which is another limit of this parameterization. We show in Fig. 9 the comparison of the HCN mole fraction (at equator) obtained from our two-dimensional photochemical model with the profiles retrieved from HCN observations (Tanguy et al. 1990 , Hidayat et al. 1997 ). The modeled profile .
is shown for the reference simulation (equinox and solstice), but also for the test runs (equinox only) with the vertical eddy coefficient scaled by factors of 0.1 and 10 (see Section 4). For both observations, the simulations are almost in the error bars. The difference between both retrievals is then clearly attributed to a seasonal effect. Note also the weak sensitivity to vertical diffusion. From this example, it clearly appears that the advantage of the two-dimensional approach is twofold: first, stratospheric levels at the equator are satisfactorily reproduced for most of the constituents (see Fig. 10 ) without any tuning. Second, these results are much less sensitive to the choice of the vertical diffusion coefficient. This full description of the dynamics in the stratosphere allows a better representation not only of horizontal, but also of vertical mixing of chemical species.
Latitudinal Behavior in the Lower Atmosphere
We show in Fig. 10 the vertical profiles (below 500 km) of several species at the equator, 50
• S, 50
• , and 70
• N at spring equinox, together with uncertainty boxes of Voyager observations. The limits in height for these boxes are the halfwidth of the contribution functions . The agreement is good for C 2 H 2 , C 3 H 8 , and HCN. For C 4 H 2 , we must notice that the relaxation rates of C 4 H * 2 (R212 + R213) are upper limits, and that the stratospheric level of C 4 H 2 is sensitive to these values. When these rates are fixed to the upper-limit values, the C 4 H 2 mole fraction at 100 km altitude is a factor of 10 above the observed level. We had to lower the relaxation rates by a factor of 5000 to reach agreement with the Voyager observations. This adjustment has no significant influence on other species. The stratospheric levels of C 2 H 4 , C 2 H 6 , and CH 3 C 2 H at the equator are slightly underestimated, and the mole fraction of HC 3 N is overestimated. In the lower atmosphere (z < 400 km), the vertical profiles of most species are more homogeneous than in previous models, because of the large-scale motions introduced in this new model. The differences between the observed and modeled equatorial stratospheric compositions indicate that the photochemical scheme needs improvement in order to better understand this composition. The uncertainties on the chemical reaction rates can also be partly responsible for these problems. However, we will focus our discussion on the latitudinal variations of the mean composition, which are related to the vertical gradients of the species' profiles and to the two-dimensional transport, as shown below.
In Lebonnois and Toublanc (1999) , we demonstrated that a model including the seasonal variations of the UV field, but without two-dimensional dynamics, could not induce the expected latitudinal variations in the stratospheric composition. With the introduction of the two-dimensional transport, the situation is much different. Figure 11 displays the latitudinal behavior of compounds as retrieved by Voyager observations and as obtained with this model (for altitudes corresponding to the maximum of the contribution functions, as indicated in the caption). From these results, and if we do not focus on the equatorial values, we can describe three different latitudinal behaviors at these altitudes: (1) species that undergo moderate latitudinal variations that are reproduced by the model (C 2 H 2 , C 2 H 6 , C 3 H 8 ), (2) species that undergo important latitudinal variations that are more or less reproduced by the model (C 2 H 4 , CH 3 C 2 H, C 4 H 2 , and HCN), (3) species that undergo important latitudinal variations that are underestimated by the model (HC 3 N) . We must notice that in this model, the horizontal eddy coefficient is considered uniform in latitude, which is a poor approximation of real dissipative motions (Luz and Hourdin 1999) . In Fig. 12 , we show the two-dimensional distribution of C 2 H 2 and HCN at northern spring equinox and at the following solstice. These distributions clearly suggest that the latitudinal contrasts we observe in the low stratosphere are the result of the large-scale transport that has now been included in the model. Between both seasons, after the reversal of the Hadley circulation, the descending (ascending) motions at the southern (northern) pole seem to reverse the stratospheric contrasts, which keep increasing until the next reversal.
FIG. 12.
Altitude-latitude mole fractions of (a) C 2 H 2 and (b) HCN, at northern spring equinox (solid lines), and at the following solstice (i.e., northern summer solstice, dotted lines).
Idealized Tracers
Thus, the results above suggest that the latitudinal structure in the low stratosphere results from vertical transport in an atmosphere where concentrations of chemical species increase vertically. To confirm this hypothesis, we have done two other types of simulations. First, we have run a two-year simulation similar to the reference run, except that the UV field was constant in time and latitude, equal to the spring equatorial situation. Small differences in the resulting composition were obtained below 500 km, but the seasonal and latitudinal behavior of each compound was very close to the reference simulation. Second, we applied the same two-dimensional atmospheric transport to idealized tracers for which the full chemistry is replaced by a simple linear relaxation toward a prescribed vertical profile, independent of time and latitude. This approach reduces enormously the computer time, but can still describe the situation fairly well, as will be shown below. For a given species i, we use as relaxation profile y o i (z) the equilibrium profile of a one-dimensional photochemical simulation. The relaxation time constant τ i (z) is taken as the time and latitudinal average of the chemical timescale
derived from the two-dimensional simulations, where y i (z, φ, t) is the mole fraction of species i at the given altitude z, latitude φ, and time t, and the sum is done over all the chemical reactions involving the species i. For idealized tracers, the model uses the same grid (limited to 500 km in altitude) and the same dynamical transport by winds and horizontal eddies than the photochemical model. Vertical eddy diffusion is also included and condensation in the troposphere is taken into account. From the reference vertical profile (uniform in latitude), the tracer is transported for two Titan years, which yields satisfying steady oscillations. The cases of C 2 H 2 , C 2 H 6 , C 4 H 2 , and HCN were investigated with this idealized tracer approach. Relaxation profiles y 0 i (z) and time constants τ i (z) are given in Fig. 13 . The relaxation profiles increase with altitude, and this induces stratospheric latitudinal contrasts. The results are very close to those obtained with the full chemistry (Fig. 11) . The global distributions are also approximately reproduced by this simple approach (Fig. 14, to be compared to Fig. 12 ). This shows that latitudinal contrasts can be explained without any seasonal variation of the UV field nor any complex nonlinearity of the chemistry. The latitudinal contrasts are just the result of an increase of the mole fractions at latitudes where there is a downwelling motion, because species are more abundant higher in the atmosphere. Figure 15 illustrates this dominant mechanism. For example, the strong contrast obtained for the C 4 H 2 tracer is essentially due to the large difference between the mole fraction at z = 100 km (∼10 −9 at the equator) and at z = 500 km (∼10 −6 -10 −5 ). Of course, deposition of UV radiation and chemistry play an important role in the formation of latitudinal contrasts in the low stratosphere, but only by modifying the mean equilibrium vertical gradient of the chemical species.
We can conclude that the observed latitudinal profiles in the low stratosphere are indicators of the dynamical structure of the lower atmosphere, which gives the shape, and of the chemical schemes, which act on the amplitude of the contrasts through the vertical distribution of the species and their chemical timescales. The mismatch between the modeled behavior of HC 3 N and its observed stratospheric latitudinal profile strongly suggests that the problem comes from the chemical scheme in the lower atmosphere.
SENSITIVITY TO DYNAMICAL PARAMETERS
The results appear to be satisfying with the a priori values of the different dynamical parameters used in the reference simulation. However, since the model is complex, it is important the horizontal eddy coefficient was scaled by factors of 10 and 1/10, (3) the strength of the winds was scaled by factors of 1/2 and 2. We also ran the model with a different phase for the seasonal reversal of the winds. Since this model has a heavy numerical cost, these runs were limited by two aspects: though the reference simulation was done for four Titan years in order to achieve a good steady-state cycle, the sensitivity simulations were limited to one Titan year, except for the phase of the reversal (two TY). Though this is not long enough, the differences between two symmetrical seasons were small. As seen in Table VI , most timescales above 100 km are less (or around) one Titan year, except for horizontal dissipation. When K h is stronger, the timescale is less and the effects are clear even after only one Titan year (the stratosphere is more uniform), and when this coefficient is lower, the dominant horizontal mixing is due to transport.
So we can expect that these tests give a good idea of the first-order sensitivity, especially for the latitudinal contrasts. The height of the atmosphere was also limited to 500 km (taking advantage of the node we see in the composition), except for tests on the vertical eddy coefficient. We ran a simulation with these limitations and the reference values of the parameters: except above 400 km where some differences were visible because of the limited height of the atmosphere, the test was almost identical to the reference results in the stratosphere. We display in Fig. 16 and 17 the main effects of these tests on two sets of data comparable to the Voyager I observations (therefore concerning the low stratosphere: 80-150 km): the equatorial mole fractions, and the ratio between mole fractions at 50
• N and 50
• S to explore the enrichment of high latitudes and the asymmetry of this enrichment. Generally, changing the dynamics strongly affects latitudinal contrasts. The equatorial values seem to be essentially controlled by chemistry, though some species are affected by variations of dynamical parameters (Fig. 16) .
For the tests on the vertical eddy coefficient, the essential effects are seen in the high atmosphere (z > 500 km), where the mean meridional circulation is not explicitly accounted for. This parameter has an influence on the stratosphere through the exchange that takes place around 500 km. It affects the composition in the mid-atmosphere, and therefore can influence latitudinal contrasts. This effect is more visible for C 2 H 2 , C 2 H 4 , C 2 H 6 , C 3 H 8 , and HC 3 N, species that are sensitive to transport through the mesopause. The influence of the vertical eddy coefficient on the high-atmosphere levels is also interesting. In a recent reanalysis of the Voyager I/UVS solar occultation data, Vervack et al. (1999) concluded that the structure of the high atmosphere is different than previously derived by Smith et al. (1982) . In particular, methane mixing ratio is still around 2% above 1000 km, and the mixing ratio of C 2 H 2 they retrieve is approximately a hundred times less than the previous results. This reanalysis will have to be taken into account for future models of the high atmosphere of Titan. The test with stronger eddy coefficient shows a C 2 H 2 mixing ratio in the high atmosphere that was similar to the one derived by Vervack et al. The high-atmosphere mole fractions are very sensitive to the vertical eddy coefficient, suggesting that this parameter could be adapted in order to fit the new results. The wind strength and the horizontal eddy coefficient K h have a strong effect on the latitudinal behavior of the stratospheric composition, as shown in Fig 17. Slower winds or stronger K h have roughly the same effect: the lower atmosphere is more uniform in latitude. On the other hand, stronger winds enhance the contrast, as well as lower values of K h (as this parameter decreases, contrast is controlled by the wind strength).
The profiles that fit the best with the observations in these test runs are obtained for the (K h × 0.1) test. Note that for this test, the ethylene profile exhibits a small increase toward the south pole, while the strong enhancement in the north begins after 50
• N, which explains the only point lower than 1 (Fig. 17) . From the composition obtained with the phase shift, we can deduce that the influence of the exact moment of the reversal is not strong: the latitudinal profiles at the equinox are fairly similar in both cases. This can be explained because the latitudinal contrasts are built during the period after the solstice, and stay visible until the reversal. Whether this reversal happens just at the equinox or half a season later only slightly affects the contrasts at the time of Voyager encounter.
CONCLUSION
Introduction of two-dimensional transport in a rather sophisticated photochemical model yields, for the first time, to a satisfactory and self-consistent simulation of the latitudinal profiles of the concentration of chemical species retrieved by Voyager 1 for the low stratosphere. These latitudinal contrasts are reproduced as well by a much simpler model with the same meridional circulation and latitudinal mixing by eddies (both deduced from numerical simulations of the atmospheric circulation) and chemical species relaxed toward a fixed vertically increasing profile.
Thus, at least in our model, the latitudinal contrasts are unambiguously attributed to meridional transport: downward transport from the enriched upper atmosphere leads in a local enrichment below. In this self-consistent explanation, latitudinal and seasonal variations of the UV field play no role. Photochemistry essentially controls the planetary mean vertical profiles and time constants. In turn, both the mean vertical gradient and time constant of course have an impact on the latitudinal contrasts.
This has two important consequences. First, an accurate prescription of the 2-D distribution of the UV field is probably of secondary importance for determining latitudinal contrasts in the low stratosphere. This indeed confirms the previous study by Lebonnois and Toublanc (1999) . Thus, the potential effect of seasonal variations of the haze distribution (very difficult to guess with the current status of observation or modeling) is also of secondary importance for our purpose. Second, if we believe that the chemistry model gives a good description of vertical profiles (as suggested by comparisons with the available observations), the good agreement with Voyager data, in terms of latitudinal contrasts, gives a unique constraint on the vertical winds in the lower stratosphere and an interesting a posteriori validation of the simulations by Hourdin et al. (1995) . However, our sensitivity experiments show that the comparison with Voyager data does not completely constrain the phase of the reversal of the mean meridional circulation. A reversal at equinoxe or some time later would be compatible with Voyager observations since the building of these latitudinal contrasts occurs between reversal and solstice.
There are certainly problems in the chemical schemes for C 2 H 4 , HC 3 N, and C 2 N 2 since their equatorial values in the low stratosphere do not match the observations (neither do HC 3 N latitudinal contrasts). For all species but for HC 3 N, latitudinal, contrasts are satisfactorily reproduced. Note also that differences between Tanguy et al. (1990) and Hidayat et al. (1997) observations are compatible with our results and interpreted as a seasonal effect. The mismatch in the details of the shape of the modeled latitudinal profiles with the shape of the observed profiles can be explained by the simple parameterization used for the meridional wind field and for the horizontal eddy coefficient. The understanding of the latitudinal distributions observed by Voyager is tied to a better understanding of the dynamics of the stratosphere and mesosphere, and its interactions with the different components of the atmosphere: the haze layer and the trace species distributions.
Some of these trace species have an influence on the cooling rates in Titan's stratosphere and their latitudinal variations may have an impact on latitudinal temperature contrasts, as shown by Bézard et al. (1995) . To go further in the comprehensive modeling of the lower part of the atmosphere of Titan, we are now developing a coupled GCM-photochemistry twodimensional model. This model should be an important tool to analyze and understand the abundant and detailed observations that the Cassini-Huygens mission will make of Titan's atmosphere.
